Roundabout (Robo) receptors and their secreted ligand Slits have been shown to function in a number of developmental events both inside and outside of the nervous system. We previously cloned zebrafish robo orthologs to gain a better understanding of Robo function in vertebrates. Further characterization of one of these orthologs, robo3, has unveiled the presence of two distinct isoforms, robo3 variant 1 (robo3var1) and robo3 variant 2 (robo3var2). These two isoforms differ only in their 5 0 -ends with robo3var1, but not robo3var2, containing a canonical signal sequence. Despite this difference, both forms accumulate on the cell surface. Both isoforms are contributed maternally and exhibit unique and dynamic gene expression patterns during development. Functional analysis of robo3 isoforms using an antisense gene knockdown strategy suggests that Robo3var1 functions in motor axon pathfinding, whereas Robo3var2 appears to function in dorsoventral cell fate specification. This study reveals a novel function for Robo receptors in specifying ventral cell fates during vertebrate development. q
Introduction
The Roundabout (Robo) family of receptors and their extracellular ligands, the Slit protein family, were initially identified by their evolutionarily conserved role in repulsive axon guidance in the developing central nervous system (Brose et al., 1999; Brose and Tessier-Lavigne, 2000) . More recently, this signaling pathway has been implicated in diverse developmental processes outside of the nervous system, including endothelial cell migration, regulation of leukocyte migration, and lung development (Wu et al., 2001; Xian et al., 2001; Park et al., 2003) . In addition, different roles in tumorigenesis have been described. Slit2 has been demonstrated to encode tumor suppressor activity in gliomas, lung and breast cancers (Dallol et al., 2002 (Dallol et al., , 2003 . Conversely, Slit2 and Robo1 are important for promoting angiogenesis of solid tumors (Wang et al., 2003) .
Four zebrafish Slit orthologs, slit1a, slit1b, slit2 and slit3, have been identified (Hutson et al., 2003; Yeo et al., 2001 ). slit2 and slit3 mRNA expression is observed in the midline axial mesoderm during mid-blastula and gastrula stages in addition to their dynamic expression patterns during later developmental stages (Yeo et al., 2001) . Overexpression of slit2 mRNA throughout the early zebrafish embryo results in a broadening of the neural anlagen, broadening and shortening of the chordamesoderm, and positioning of the prechordal mesoderm posteriorly (Yeo et al., 2001) . These results were interpreted as defects in convergent and extension cell movements during gastrulation.
Four Robo receptors (1-4) have been identified in zebrafish Challa et al., 2001; Park et al., 2003) . This is the same number of Robo family members found in other higher vertebrates, suggesting that this gene family has not undergone duplications in the zebrafish lineage. Robo2 functions in retinal tectal axon guidance as evidenced by the robo2/astray mutant (Fricke et al., 2001) and in kidney formation (Grieshammer et al., 2004) . Robo4, which is a highly divergent Robo family member in vertebrates, functions in endothelial migration and angiogenesis (Bedell et al., 2005; Huminiecki et al., 2002; Park et al., 2003) .
In the current study, we describe two isoforms of the Robo3 ortholog in zebrafish and report their unique roles in development. Knockdown analysis reveals that one of the isoforms is involved in early dorsal ventral patterning, whereas the other functions either directly or indirectly in motor axon guidance. This study provides further evidence for multiple roles played by Robo family members during vertebrate development.
Results

Zebrafish robo3 isoforms
We have previously described the identification and initial characterization of two zebrafish robo orthologs, robo1 and robo3 (Challa et al., 2001) . Further analysis of the robo3 ortholog by 5 0 RACE PCR using total RNA from 24 to 36 hours post-fertilization (hpf) embryos revealed that there were at least two distinct species. DNA sequencing of the two species provided evidence for the existence of two isoforms of robo3. The two isoforms were identical in the sequence encoding the core protein but diverged at the 5 0 end, which included the 5 0 UTR and sequences encoding a short stretch of amino acids corresponding to the signal sequence; we named these isoforms robo3 variant 1 (robo3var1) and robo3 variant 2 (robo3var2; Genebank Accession No. AF337036 and AF304131, respectively). While the robo3var2 sequence was the same as the one described earlier (Challa et al., 2001) , the robo3var1 sequence was identical to that which was described by Lee et al. (2001) . To further ascertain the presence of both isoforms, we performed RT-PCR experiments using isoform specific forward primers and common reverse primers and found that both isoforms were expressed in embryos (data not shown).
Using the Sanger Institute zebrafish sequencing project (http://www.sanger.ac.uk/) and comparing the genomic and cDNA sequences, we analyzed the genomic organization of the robo3 locus. Our earlier studies using the LN54 Radiation Hybrid panel (Hukriede et al., 1999 ) mapped robo3 to Chromosome (Chr) 10 (Challa et al., 2001 ); Lee et al. (2001) also reported that robo3 mapped to Chr 10. Genomic sequence analysis using data from the ENSEMBL project, and the ENSEMBL predictions confirm these observations [robo3var2 (ENSDART00000023575); robo3var1 (ENSDART00000024778)]. The robo3 locus is located in the Zv4_scaffold900, flanked by ESTs fc17e04 and fa16f09.s1. Sequence analysis indicates that exon 1 is unique to robo3var2 and exon 2 is unique to robo3var1 and the remaining exons are identical. Robo3var2 contains a large first intron of 257.91 kb that does not appear to encode any additional transcripts. Thus, both RNA and genomic analysis substantiate that these variants represent two isoforms of Robo3. 
Unique 5
0 ends of robo3var1 and robo3var2
The divergent sequences of robo3var1 and robo3var2 are 460 and 510 bp, respectively. robo3var1 has a longer 5 0 UTR and a shorter signal sequence in comparison with robo3var2, which has a shorter 5 0 UTR and longer signal sequence. robo3var1 and robo3var2 encode 21 and 52 amino acids, respectively, at the N-terminus that are unique. Since we observed divergence in the putative signal peptide encoding sequences, we analyzed the hydrophobicity index of these sequences (Fig. 1) . The hydrophobicity index of the two isoforms using the Kyte-Doolittle plot showed that Robo3var1 has a short, but very hydrophobic peak at the Nterminus, a characteristic feature of most eukaryotic signal peptides. In contrast, Robo3var2 lacked this highly hydrophobic peak. To substantiate the hydrophobicity indices, signal peptide predictions were also made using Neural Networks (NN) and hidden Markov models (HMM) trained on eukaryotes (Nielsen et al., 1997; Nielsen and Krogh, 1998) . Both methods predicted that the zebrafish Robo3var1 sequence had a signal peptide and the most likely cleavage site was between positions 22 and 23. The HMM method predicted the signal peptide probability to be 0.953 with 1.0 being the greatest probability score for the presence of a signal peptide. In contrast, zebrafish Robo3var2 sequence was predicted to be a non-secretory protein based on the low signal peptide probability of 0.10. It is interesting to note that Mouse Rig-1 (Yuan et al., 1999) , a Robo family member and the protein that most closely resembles zebrafish Robo3 (Challa et al., 2001; Lee et al., 2001; Park et al., 2003) , also lacks a typical signal peptide. Similarly, the NN and HMM algorithms predicated Mouse Rig-1 to be a non-secretory protein based on a very low signal peptide probability score of 0.001. These data indicate that the lack of a characteristic signal peptide is not unique to zebrafish Robo3var2.
Robo proteins are transmembrane receptor molecules expressed on the cell surface and both Robo3var1 and Robo3var2 have a transmembrane domain. We asked, therefore, whether Robo3var2 protein still gets to the cell surface even though it lacks a canonical signal sequence. 293T cells were transiently transfected with either the robo3var1-myc or robo3var2-myc full length clones containing Myc-epitope tags (myc) at their cytoplasmic termini. Using immunocytochemistry to detect the Myc epitope, we found that the two isoforms exhibited similar cellular localization patterns ( Fig. 2A,B) . Both Robo3var1 and Robo3var2 proteins were seen associated with the cell surface, consistent with their suggested receptor function. To verify this result, we used biotinylation to label cell surface proteins. Full length robo3var1-myc or robo3var2-myc constructs were transfected into 293T cells and biotinylated to label extracellular protein regions. Cells were lysed and run over an avidin column to isolate biotinylated proteins. Western blotting revealed that both Robo3var1 and Robo3var2 were in the avidin-binding fraction and therefore were expressed on the cell surface (Fig. 2C2,D2) . As a control, we show that actin is only present in the cytoplasmic fraction (Fig. 2C 0 ,D 0 ) consistent with it being an exclusively cytoplasmic protein. We also found that both Robo3 variants were present in the flow through that did not bind to avidin (Fig. 2C1,D1 ). This pool of Robo protein likely represents Robo protein en route to the cell surface or Robo protein that failed to be biotinylated on the cell surface. We conclude from these data that both Robo3 isoforms accumulate on the cell surface even though Robo3var2 does not exhibit a classical signal peptide. 
Expression of robo3 isoforms during embryogenesis
Since the core protein coding regions of both isoforms were identical and their cellular localization was similar, we wanted to test whether the two isoforms were differentially expressed during embryogenesis. Antisense DIG labeled riboprobes against robo3 isoforms were synthesized using the respective unique sequences and whole-mount RNA in situ hybridization experiments were performed (Figs. 3, 5, 6) . Both robo3 isoforms were expressed globally during early development. Isoform specific antisense riboprobes showed that robo3var1 and robo3var2 RNA were present at the two-cell stage (Fig. 3A,B) . Since zygotic transcription in zebrafish embryos begins around the 512-cell stage, RNA present before this time represents maternal transcripts.
To confirm the maternal expression of robo3 isoforms, RT-PCR experiments using isoform specific forward primers were performed on total RNA obtained from embryos at early developmental stages (Fig. 3C ).
Amplification products of both robo3 isoforms were observed from maternal RNA, early zygotic RNA (512-1000 cell stage), and RNA obtained from 10 hpf embryos. RT-PCR using RNA from 24 hpf embryos was used as a positive control since expression in distinct cells is obvious at that time (see below). Therefore, both in situ hybridization and RT-PCR support that robo3 isoforms are maternally expressed. RT-PCR experiments were also performed to test the expression of other robo orthologs, robo1 and robo2, at these developmental time points (Fig. 3C) . We found that both robo1 and robo2 RNA were also expressed at these times, although there were variations in the levels of amplification at the various time points tested. For example, there was a reduction in the level of robo3var1 amplification during early zygotic stages and a reduction in the levels of robo2 and robo3var2 amplifications at 10 hpf. Since we do not have adequate information on the regulation of protein expression and the half-lives of the proteins at these early time points, it is difficult to Fig. 3 . robo orthologs are maternally expressed. Whole-mount RNA in situ hybridization on two-cell stage embryos for (A) robo3var1 and (B) robo3var2 showing maternal expression. RT-PCR experiments using total RNA extracted from different developmental stages: M, maternal (2-512 cell stage); Z, early zygotic (1000 cell stage); 10, 10 hpf and 24, 24 hpf. robo1, robo2, robo3var1 and robo3var2 are expressed at all stages. The expression levels, as indicated by PCR amplifications, are relatively uniform for robo1, decreased expression at 10 hpf for robo2 and robo3var2, and decreased expression at early zygotic stage for robo3var1. Since these primers flank introns, they will not amplify on genomic DNA. Fig. 4 . Robo3 protein expression. In vitro translated, Myc-epitope tagged Robo3var1 and Robo3var2 proteins were identified using an anti-Myc antibody (Lanes 1 and 2, respectively). Robo3var2-Myc (Lane 3) and Robo3var1-Myc (not shown) were also recognized by anti-Robo3 antiserum. Robo3 proteins from zebrafish embryo extracts, corresponding to the same size as that of in vitro translated proteins, were also identified by anti-Robo3 antiserum (Lanes 4-7). Robo3 proteins were observed as early as 100% epiboly (Lane 4) and continued to be expressed at 11, 12, and 16-18 hpf (Lanes 5-7, respectively).
extrapolate on the activity of Robo proteins based only on their RNA levels.
To complement the analysis of RNA expression of robo3 isoforms during gastrulation, we performed western blot analysis to characterize Robo3 protein expression. We generated a rabbit polyclonal anti-Robo3 antiserum against a 225 amino acid fragment in the Robo3 cytoplasmic domain. Since the antiserum was generated against a common cytoplasmic region, we could not distinguish the two Robo3 isoforms in this analysis. The efficiency of Robo3 antiserum was tested against in vitro translated Mycepitope tagged Robo3var1 and Robo3var2 proteins. The bands recognized by anti-Myc antibodies on a western blot correlated to the bands recognized by the anti-Robo3 antiserum (Fig. 4 , lanes 1-3 and data not shown). Western Blot analysis using zebrafish protein extracts from different developmental stages showed that Robo3 protein expression begins during gastrulation (between 50 and 80% epiboly; data not shown) and is present during embryonic development at 10, 11, 12, and 16-18 hpf (Fig. 4 , lanes 4-7).
Beginning at 14 hpf, both isoforms showed distinct tissue expression. robo3var1 RNA was found in the somitic tissues ( Fig. 5A ,E), whereas robo3var2 RNA was seen specifically in hindbrain and spinal neurons (w17 hpf; Fig. 5B ,D,F). This isoform-specific pattern of RNA expression was observed until about 24 hpf. Soon afterwards, robo3var1 and robo3var2 RNA expression patterns remained broadly distinct, although there was overlap in their expression domains. robo3var1 RNA expression in the caudal somites began to decrease with only the caudal-most somites showing some robo3var1 RNA expression at 24 hpf. While the somitic expression was disappearing, a number of neurons in the spinal cord and hindbrain regions began to express robo3var1 RNA during the second day of development (Fig. 5G ). Whole-mount lateral views and cross-sections indicated that robo3var1 RNA expressing neurons in the ventral and intermediate spinal cord were consistent with the location of motoneurons and interneurons ( Fig. 5G,I ). This expression in ventral spinal neurons was transient and not observed at 48 hpf. Diffuse robo3var1 RNA expression was observed in the midbrain, cerebellum, and hindbrain until about 60 hpf (Fig. 6A,B) . robo3var1 RNA was also seen in the pectoral fin bud during the second day of development (data not shown).
As mentioned above, robo3var2 RNA expression was observed in individual spinal neurons (Fig. 5F,H) . Crosssections through the trunk indicated that these cells were located in the intermediate spinal cord consistent with the position of interneurons (Fig. 5J) . There was robust expression in the cerebellum and hindbrain (Fig. 6D) as well as distinct nuclei in the diencephalon (Fig. 6C , arrowhead) and telecephalon (Fig. 6D, arrowheads) until about 60 hpf. Like robo3var1, robo3var2 was also expressed in the pectoral fin bud (data not shown). robo3var2 RNA was expressed as late as 6 days postfertilization (dpf) in a distinct group of cells in the diencephalic region (data not shown). The sum of the expression patterns of both robo3var1 and robo3var2 correspond very closely to the expression patterns observed earlier using an antisense riboprobe generated against the sequence common to both the isoforms (Challa et al., 2001) . This is most obvious at earlier stages when robo3var1 RNA expression is restricted to the somitic tissue while robo3var2 RNA expression is restricted to neuronal cells. Fig. 5 . RNA expression patterns of robo3var1 and robo3var2 during the first day of development. Whole-mount RNA in situ hybridization for robo3var1 (A, C, E, G, I) and robo3var2 (B, D, F, H, J). robo3var1 RNA is expressed in trunk somites (A; w17 hpf), and at higher magnification (E, arrows) can be seen in the posterior aspect of the somites between 14 and 24 hpf. In contrast, robo3var2 is not expressed in the somites (B; w17 hpf) but is seen in the hindbrain (D, arrows, compare to C (dorsal views); w17 hpf) and spinal cord (F, arrows; w17 hpf) between 14 and 24 hpf. At 24 hpf, robo3var1 is expressed diffusely in the ventral spinal cord (G, arrows), whereas robo3var2 expression is more distinct (H, arrows). Cross-sections of the trunk at 26 hpf reveals that robo3var1 is expressed in ventral and intermediate spinal cord cells (I, arrows), whereas robo3var2 is expressed in dorsal and intermediate spinal cord cells (J, arrows). Anterior is to the left in A-H and dorsal is to the top in I and J.
Isoform specific protein knockdown
To test the function of robo3 isoforms during zebrafish embryonic development, we employed sequence specific antisense morpholino oligonucleotides (MOs) to block protein translation (Ekker, 2000; Nasevicius and Ekker, 2000; Summerton, 1999) . Antisense MOs were designed against sequences just upstream of the initiation codon for both robo3var1 and robo3var2. Coupled in vitro transcription-translation reactions in the presence of increasing concentrations of MOs were performed to assess the efficacy of these MOs in inhibiting gene expression (Fig. 7A) . Plasmids encoding Myc-epitope tagged robo3-var1 and robo3var2 isoforms were used as templates and the translated protein was detected on a western blot using antiMyc antibody. In the absence of any MO, the anti-Myc antibody recognized a protein of the appropriate size. As the concentration of MO increased from 200 nM to 20 mM, there was a corresponding decrease in the amount of translated protein produced. At 20 mM MO concentration almost no protein was detected. To test whether there was cross-reactivity between the MOs, robo3var2 specific MO was added to a robo3var1 in vitro reaction and vice versa. Even at a significantly higher concentration (40 mM), the respective protein levels were not reduced confirming the specificity of MO binding in a sequence specific manner. To further confirm the specificity of MO activity, we used four base pair (bp) mismatch antisense MO (4 mm) as controls. The four mismatched bases were spread throughout the 20 base sequence rendering it unable to inhibit protein synthesis in vitro (Fig. 7B) . To test in vivo knockdown of robo3 isoform expression during development, Robo3 protein levels in MO injected embryos were detected by western blot. Since we detected transcripts of both isoforms during gastrulation and the antibodies we generated did not distinguish between the two isoforms, a combination of robo3var1 and robo3var2 MOs were injected to knockdown expression of both isoforms. Whole embryo protein extracts were obtained at 11 hpf and subjected to SDS PAGE and western blot analysis using anti-Robo3 antiserum (Fig. 7C) . A significant reduction in Robo3 protein levels was seen in the MO injected embryos when compared to the protein levels seen in control 4 mm MO injected embryos. From these experiments, we conclude that the robo3var1 and robo3var2 MOs are specific and effective at blocking protein translation.
Knockdown of Robo3var1 causes motor axon defects
To determine the function of Robo3var1, embryos at the 1-4 cell stage were injected with a robo3var1 specific MO and analyzed at various times during development. robo3var1 RNA is expressed in developing embryos, however, no morphological defects were observed upon Robo3var1 knockdown. Since the earliest distinct expression of robo3var1 RNA was in the posterior aspect of the developing somites (between 14 and 18 hpf; see Fig. 5 ), and motor axons extend out of the spinal cord approximately at 18 hpf, we hypothesized that the restricted expression of robo3var1 might influence the formation of stereotyped motor axon projections. To examine this, embryos injected with robo3var1 MO and robo3var1 4 mm control MO were allowed to develop until approximately 28 hpf, when they were fixed and assayed for motor axon projections by znp1 antibody labeling (Fig. 8A,B) . Approximately 89% of robo3var1 MO injected embryos showed some abnormal motor axon projections compared to control injected embryos (Fig. 8C) . Ventrally projecting nerves were scored along the mid-trunk (segments 7-17) of robo3var1 and control embryos. The most common axon defect was straight axons that did not exhibit the characteristic posterior curve (Fig. 8A,B, asterisks) . Scoring 3517 axons in three separate experiments, we found that approximately 70% of axons in robo3var1 MO injected embryos displayed this phenotype. We also found that approximately 12% of axons were short and 6% had ectopic branches. Motor axon trajectories were truncated anywhere between the horizontal myoseptum and the proximal ventral myotome, with a greater incidence of truncation at the horizontal myoseptum (Fig. 8B, arrowhead) .
Although robo3var1 is expressed in the developing myotome, it is also expressed transiently in the ventral spinal cord where motoneuronal cell bodies reside (see Fig. 5G,I ); thus, we wanted to determine if the robo3var1 MO was causing the motor axon defect due to decreased function in motoneurons. To address this, we iontophoretically introduced robo3var1 MO (1 mM) into CaP somata at 20-21 hpf along with a rodamine dextran dye. In all examples (nZ5), the CaP axons looked wild-type at 50 hpf (data not shown). At an earlier time point (w30 hpf), 2/5 axons were still at the ventral edge of the notochord and the other three were into the ventral myotome. None of the axons displayed abnormal morphology. These data are not consistent with a prominent role of Robo3var1 functioning cell-autonomously in motor axon outgrowth.
Since cues in the myotome guide motor axon projections, we next examined myotome patterning in robo3var1 MO injected embryos. myoD is normally expressed in the posterior region of developing myotomes in zebrafish (Weinberg et al., 1996) . We examined myoD expression by RNA in situ hybridization in robo3var1 and robo3var1 4 mm control injected embryos and found no difference in the pattern or levels of myoD expression (nZ140 embryos; data not shown). Thus, myotome patterning and overall myotome formation are not grossly disrupted when Robo3var1 is decreased. Taken together, these data suggest that Robo3var1 may function more specifically within the myotome to affect ventral motor axons.
Knockdown of Robo3var2 causes defects in dorsoventral specification
To determine the function of Robo3var2, embryos at the 1-4 cell stage were injected with a robo3var2 specific MO. In contrast to robo3var1 MO injected embryos, robo3var2 MO injected embryos exhibited consistent morphological defects. Beginning around 70% epiboly, embryos became elongated along the anterior-posterior axis in over 60% of robo3var2 MO (9 ng) injected embryos (Fig. 9A,B) . With the progression of gastrulation, the elongation became more obvious. In contrast, wildtype and control embryos remained predominantly spherical. Embryo lengths along the anterior-posterior axis observed at approximately 11 hpf were statistically different (P!0.001) between wild-type (74.05G2.50; nZ21), robo3var2 MO (84.11G7.17; nZ46) when the meanGSDs were compared. In contrast, robo3var2 4 mm control MO injected embryos were not statistically different from wild type (75.05G4.68; nZ21). At approximately 24 hpf, robo3var2 injected embryos showed variable defects in trunk formation (Fig. 9C-E) . Injecting approximately 3 ng of robo3var2 resulted in curved and misshapen trunks and tails (Fig. 9C ). Embryos injected with higher concentrations of MO (w6 ng, Fig. 9D; w9 ng, Fig. 9E ) displayed an exacerbation of these defects that could be visualized as early as 16 hpf. These defects were not evident in robo3var1 MO or robo3var2 4 mm MO control injected embryos. The oblong morphology observed during early development is also seen in dorsalized mutants such as swirl/bmp2b, snailhouse/bmp7, minifin, loss-a-fin/alk8 and piggy tail Connors et al., 1999; Mintzer et al., 2001 ). Dorsalized mutants also have trunk defects later in development as do zebrafish mutations that have defects in convergence and extension cell movements during gastrulation such as knypek and trilobite (Solnica-Krezel et al., 1996; Hammerschmidt et al., 1996; Marlow et al., 1998) .
To determine whether knocking down Robo3var2 caused defects in dorsoventral cell fate specification, we performed RNA in situ hybridization on robo3var2 4 mm control and robo3var2 MO injected embryos and analyzed genes expressed in dorsal (no tail [ntl], goosecoid [gsc] ) and ventral (scl, paired box gene 2 [pax2]) cell types. With both dorsal cell fate markers, we found an expansion in gene expression, whereas ventral genes exhibited decreased expression when Robo3var2 was knocked down indicating that these embryos were dorsalized (Fig. 10A-H) . These gene expression changes were dose dependent; for example, 9% of embryos injected with 3 ng of robo3var2 MO had an expanded gsc expression domain, whereas 91% of those injected with 9 ng of MO fell into this category (Fig. 10I) . When compared to ct MO injected embryos, data for 6 and 9 ng robo3var2 MO injections were statistically significant (two-tailed Student's T-test; P!0.001), whereas data for ct MO and 3 ng robo3var2 MO were not (PO0.05). Ventral gene expression was reciprocally effected in robo3var2 MO embryos. Five percent of embryos injected with 3 ng of robo3var2 MO had severely decreased or absent scl expression, whereas 100% of those injected with 9 ng fell into this category (Fig. 10J) . When compared to the ct MO, robo3var2 MO at 3 ng (PZ0.001), 6 ng (PZ0.0001), and 9 ng (PZ0.0003) were statistically significant. Embryos injected with ct MO (9 ng) were also statistically significant (PZ0.007) when compared to uninjected wild-type embryos suggesting that the four base pair mismatch still has some limited effect on robo3var2. However, we never saw any ct MO injected embryos with severely decreased or absent scl expression (Fig. 10J) . We also saw an expansion of the hindbrain krox20 and mesoderm papc expression domains (Fig. 11) as would be expected of dorsalized mutants Little and Mullins, 2004) . These data suggest that Robo3var2 functions either directly or indirectly in promoting ventral cell fates.
Discussion
Here, we report the identification of two zebrafish robo3 isoforms, robo3var1 and robo3var2, which are identical in the core protein-coding region and differ only at the 5 0 end of the sequence including the signal peptide region. These isoforms are expressed early in development as well as at later stages in distinct non-overlapping regions in the embryo. Functionally, these isoforms play unique roles during development with our data suggesting that Robo3-var1 functions in the myotome to influence motor axon outgrowth and that Robo3var2 plays an important role in dorsoventral cell fate specification.
Robo3 isoforms
While multiple Robo orthologs have been identified in many species, no study has shown the role of different isoforms of Robo proteins during development. Since their expression domains are clearly distinct, it is possible that there is tissue specific transcriptional control at the Robo3 locus. Sequence comparison and phylogenetic analyses using known vertebrate robo orthologs revealed that zebrafish Robo3 isoforms are most closely related to Mouse Rig-1 Challa et al., 2001; Park et al., 2003) . This is true despite the lack of one of the conserved cytoplasmic domains, CC1, in Rig-1 and the presence of all conserved cytoplasmic domains in zebrafish Robo3 isoforms. Interestingly, splice variants of human Rig-1/ROBO3 have also been identified, but any functional differences have not yet been characterized (Jen et al., 2004) . The nucleotide differences between robo3var1 and robo3var2 sequences lie in the 5 0 end with distinct UTR regions and putative signal peptide encoding regions. Predictions using NN and HMMs revealed that Robo3var1 has a characteristic signal peptide at the N-terminus, inferring that it is targeted to the plasma membrane. In contrast, Fig. 9 . Knockdown of Robo3var2 MO causes morphological defects. Lateral view of live 11 hpf control (A) and (B) robo3var2 MO injected embryos (9 ng). Injecting 6-9 ng of robo3var2 MO resulted in three classes of phenotypes based on severity as visualized at 26-28 hpf. (C) Mildly affected embryos exhibited curved tails, (D) moderately affected embryos had reduced trunk tissue with tail/posterior trunk within the yolk and (E) severely affected embryos had reduced trunk tissues aggregated on the yolk. Seventy percent of the MO injected embryos showed severe to moderate phenotypes (nZ300).
the Robo3var2 sequence does not exhibit any characteristic features of an N-terminal signal peptide. Mouse Rig-1 also lacks an obvious signal peptide sequence demonstrating that there are other members of the Robo family with similar properties. The lack of a signal peptide in zebrafish Robo3var2 and Mouse Rig-1 could possibly have functional implications; however, transient expression of the two zebrafish Robo3 isoforms in mammalian cells showed no major differences in their cellular localization, with both Robo3var1 and Robo3-var2 accumulating on the cell surface.
Our study shows clear spatial and temporal differences in robo3var1 and robo3var2 expression patterns. robo3-var2 RNA expression in hindbrain and spinal neurons, beginning at 14 hpf and continuing during the second day of development, is consistent with robo3var2 functioning in axon guidance; however, this could not be analyzed in our system due to the morphological defects. robo3var2 is principally expressed in neuronal tissues, with the exception of pectoral fin buds during the second day of development. In contrast, robo3var1 RNA is seen predominantly in the posterior aspect of the somitic mesoderm between 14 and 24 hpf. Around the time when the somitic expression of robo3var1 decreases, neurons in the medial and ventral regions of the spinal cord begin to express robo3var1 at a low level. Interestingly, zebrafish slit3 mRNA is seen in ventral spinal neurons around the same time (Yeo et al., 2001) . The dynamic spatial and temporal expression patterns of robo3var1 in the developing embryo suggest that the protein has multiple functions. Fig. 10 . Knockdown of Robo3var2 dorsalizes embryos. Embryos were injected at the 1-2 cell stage with control or robo3var2 MO and processed for RNA in situ hybridization. Embryos were fixed at 70% epiboly and processed for ntl (A, B) and gsc (C, D) in 4 mm control (A, C) and robo3var2 (B, D) MO injected embryos. Embryos were fixed at 14 hpf and processed for scl (E, F) and pax2 (G, H; asterisks denote head expression) in control (E, G) and robo3var2 (F, H) MO injected embryos. Data for gsc (I) and (J) scl were quantitated. Twenty to 70 embryos were scored from at least two separate injection experiments.
Role of Robo3var1 in motor axon guidance
Despite being maternally expressed and ubiquitous during early embryogenesis, robo3var1 appears to have no effect on early development. This could be due to some redundancy with other Robo proteins. The striking and consistent defect found in robo3var1 knockdown embryos was in axial motor axons. Lack of stereotyped morphology and truncations were two phenotypes consistently observed. Iontophoresis of robo3var1 MO into individual CaP motoneurons at 20-21 hpf did not recapitulate this defect. Similar experiments with a different MO (McWhorter et al., 2003) did result in axon defects indicating that this is an effective way to test cellautonomy. Although robo3var1 is not detected in the ventral spinal cord during the first day of development, we cannot rule out the possibility that robo3var1 needs to be depleted at an earlier time to have an effect in CaP motoneurons. Expression of robo3var1 in the posterior aspect of developing somites provides a possible clue to understanding these axon guidance defects. In zebrafish, ventral motor axons project along the anterior myotome immediately adjacent to the posterior myotome Myers et al., 1986; Bernhardt et al., 1998) and defects in somite patterning lead to defects in motor axon trajectories (Gray et al., 2001) . Zebrafish slit2 is expressed in the anterior margin in 16 hpf somites (Yeo et al., 2001) and robo3var1 is seen in the posterior aspect of the somites around the same time. In this context, complementary expression of ligands and their receptors in different somitic regions may function to establish the correct axon guidance signals and subsequently influence motor axon outgrowth.
Role of Robo3var2 in early development
We show that robo1, 2, and 3 isoforms in zebrafish are expressed both maternally and during early embryogenesis when the dorsoventral axis is forming. The early functions of Robo proteins have not been reported thus far. It is interesting that although both robo3 isoforms are expressed early, only Robo3var2 seems to effect early embryonic development. One explanation for this difference may be that Robo3var2, with its unique 5 0 end lacking a classical signal peptide, functions differently than other Robo proteins. Robo1, 2, 3var1 may be able to substitute for each other, whereas Robo3var2 may perform a distinct function in early development. Further analysis of the mouse Rig-1, which also lacks a canonical signal peptide, may lend support to this hypothesis. slit genes are also expressed during gastrulation. Yeo et al. (2001) show that slit2 is expressed in the anterior margin of the neural plate and overexpression of slit2 causes defects consistent with perturbations of convergent-extension movements during gastrulation (Yeo et al., 2001) . Dorsoventral cell fates were not examined in this study, thus we cannot conclude that the actions of Robo3var2 in dorsoventral patterning are Slit dependent.
Recent data has implicated mouse Rig-1/Robo3 as a negative regulator of growth cone midline crossing in both mouse and humans (Sabatier et al., 2004; Jen et al., 2004; Mambetisaeva et al., 2005) . In Rig-1/Robo3 knock out mice, dorsal spinal cord commissural neurons become prematurely responsive to Slit. Therefore, like Drosophila Commissureless, Rig-1/Robo3, masks Robo thus allowing axons to cross the midline. The mechanism, however, may be different from Commissureless, which prevents Robo accumulation at the cell surface, since protein distribution of Robo1 and 2 in Rig-1/ Robo3 mutants is similar to wild-type animals (Sabatier et al., 2004) . It has been sugggested that Robo3 acts as a sink for the Robo ligand, Slit, or that Robo3 acts as a dominant negative receptor keeping Slit away from Robo1 or 2 (Sabatier et al., 2004; Guthrie, 2004) . However, Mambetisaeva et al. (2005) report that Rig-1/Robo3 fails to bind Slit1 or Slit2 suggesting that it is acting via a different mechanism. It is possible, for example, that Rig-1/Robo3 acts as a co-receptor for Robo1 and/or 2 and that when bound to Rig-1/Robo3, Robo function is attenuated. Whether zebrafish Robo3var2 is functioning in this context during dorsoventral patterning remains to be tested.
Experimental procedures
Zebrafish maintenance
Zebrafish embryos were collected and allowed to develop between 27 and 29 8C and staged as described by Fig. 11 . Knockdown of Robo3var2 causes expansion of krox20 and papc expression domains. Dorsal views (anterior to the top) of krox20 and papc RNA in situ hybridization at 11 hpf. Six to 9 ng of robo3var2 4 mm control or robo3var2 MO was injected into each embryo. Control embryos did not exhibit any significant defects in the width (asterisks) of krox20 or papc domains (A, C) but robo3var2 MO injected embryos exhibited expansion of both of these expression domains (B, D). Kimmel et al. (1995) . To facilitate visualization of RNA in situ hybridization in embryos older than 36 hpf, 0.2 mM phenylthiourea was added to the fish water at approximately 22 hpf to block melanin biosynthesis.
RNA extraction, 5
0 RACE PCR and subcloning
Twenty-four to 36 hpf AB embryos were frozen in liquid nitrogen and stored at K80 8C. RNeasy kit (Qiagen) was used to extract total RNA using the protocol provided by the manufacturer. First strand cDNA was synthesized using the GeneRacer Kit (Invitrogen) to enrich the pool with intact 5 0 ends. The first round of PCR was performed using the GeneRacer 5 0 RACE forward primer and robo3 gene specific reverse primer (5 0 -TACGACTGACGGC-CTCGCCCAAGT-3 0 ). Nested PCR was performed using the GeneRacer product. 5 0 nested forward primer and robo3 specific nested reverse primer (5 0 -CTCCAC-CATGGGGGTCGGTCGTCC-3 0 ) were used. The PCR product was cloned into the pCR TOPO4 plasmid using the TOPO TA Cloning kit (Invitrogen). Two clones with distinct insert sizes were identified and sequenced. A unique BamHI site was found at the point where the divergence of the two sequences ended. Isoform specific inserts obtained from BamHI and EcoRI double digestions were subcloned into pBlueScript SK.
Genomic analysis
SSAHA and BLASTN search tools were utilized to analyze the sequences of robo3 isoforms. To ascertain whether the unique 5 0 -sequences mapped to the same loci, the sequences were queried against the DNA database (ab initio cDNAs (Genescan/SNAP)) on the ENSEMBL server. The entire sequence of Scaffold900 was queried against both robo3 isoforms independently using BLAST to localize exons and introns. The 250 kb intronic sequence between Exons 1 and 2 was queried against the entire non-redundant database (GenBank) to find any putative genes.
RT PCR of zebrafish robo orthologs
Total RNA from different embryonic stages (2-16 cells, 512-1000 cell, 10 hpf, 22-24 hpf) was extracted using Get pureRNA kit (Dojindo Molecular Technologies, Inc.). First strand synthesis was done using gene specific primers;
First strand cDNA from each embryonic stage was used as the template for PCR with the following primer sets. 
Robo3 antibodies
A DNA sequence encoding a cytoplasmic protein fragment (225 amino acids) corresponding to amino acids just downstream of the conserved CC2 region and including the conserved CC3 region was cloned into pRSET C vector (Invitrogen) using BglII and NcoI sites to construct a 6X Histagged version of this protein fragment. Escherichia coli BL21 cells were transformed and induced to overexpress the fusion protein. The fusion protein was purified under denaturing conditions (8 M Urea) with Ni NTA resin (Qiagen) as suggested by the manufacturer. The purified fusion protein was used to raise rabbit polyclonal antiserum (Cocalico Biologicals).
Protein extraction from zebrafish embryos and Western Blotting
Zebrafish embryos at different stages were obtained and dechorionated either manually or by a brief pronase treatment. Dechorionated embryos were homogenized in lysis buffer (10 mM HEPES pH 7.5, 100 mM NaCl, 1 mM EGTA, 25 mg/ml Aprotinin, 25 mg/ml Leupeptin) using 18-20 gauge needle alone or after crude homogenization with a pestle at 4 8C. Homogenized embryos were centrifuged at 750 g for 5-10 min. The pellet was dissolved in 2! sample buffer, boiled and used in PAGE and Western Blotting. PAGE and Western Blotting were done according to standard lab protocols (McWhorter et al., 2003) and the ECL (Amersham Biosciences) system was used to detect the antibody signal. Anti-Robo3 antiserum was used at a dilution of 1:1000. A goat polyclonal anti-actin was used as a loading control (Santa Cruz Biologicals).
RNA in situ hybridization and immunohistochemistry
The divergent sequences between robo3var1 and robo3var2 were cloned into pBlueScript SK at a BamH1 site. Anti-sense probes were generated by cutting with XbaI and using T7 polymerase, whereas sense probes were generated by cutting with XhoI and using T3 RNA polymerase. Digoxigenin (DIG)-labeled antisense riboprobes (Roche Biochemicals) of; robo3var1, robo3var2, no tail (Schulte-Merker et al., 1992) , goosecoid (Stachel et al., 1993) , pax2 (Krauss et al., 1991) , scl (Gering et al., 1998) , papc (Yamamoto et al., 1998) , and krox20 (Oxtoby and Jowett, 1993) were generated and in situs processed as described in Thisse et al., 1993 . znp1 immunohistochemistry was performed as described (Beattie et al., 2000) .
robo3 plasmid DNA constructs
A short stretch of sequence encoding the terminal 15 amino acids from the cytoplasmic end of robo3 was removed using the unique NruI site and fused with the myc-epitope in frame. robo3var1-myc and robo3var2-myc sequences were subcloned into pBlueScript SK and pCS2C (Turner and Weintraub, 1994 ; http://sitemaker.umich.edu/ dlturner.vectors) for in vitro and in vivo studies.
293T cell culture and transfections
Transient transfections of 293T cells were done using the Calcium Phosphate protocol as described (Ausubel et al., 1999) . robo3var1-myc and robo3var2-myc constructs were subcloned into pCS2C vector (Turner and Weintraub, 1994 ; http://sitemaker.umich.edu/dlturner.vectors) and used to transfect cells. Cells were visualized using confocal microscopy (Nikon Optiphot 2, BioRad Lab, Inc.).
Cell surface protein biotinlylation
293T cells were transfected with robo3var1-myc or robo3var2-myc plasmid DNA (10 mg/plate) using Lipofectamine 2000. After a 24 h incubation in serum enriched media, cells were biotinlyated and labeled surface proteins were purified subsequently using the Cell Surface Protein Biotinylation and Purification Kit (Pierce) following manufacturer's directions. Purified biotinlyated surface proteins were subjected to SDS-PAGE (10% gel). Western Blot analysis was used to visualize the myc-tagged Robo3. Using anti-rabbit myc (1:4000) for 1 h at room temperature and HRP-conjugated mouse anti-rabbit (1:15,000) overnight at 4 8C.
Coupled in vitro transcription and translation
pBSK.robo3var1-myc and pBSK.robo3var2-myc constructs were used as templates in coupled transcription/ translation reactions (TnT Coupled Reticulocyte Lysate System, Promega). T7 RNA Polymerase was used to initiate the transcription of sense strands. Varying concentrations of specific morpholino oligonucleotides designed to target robo3var1 and robo3var2 were added to the coupled transcription/translation reactions to test the efficacy and specificity of translation inhibition. Four millimolars stock solutions of the MOs were made in dH 2 O and 4 mM MO stock solutions were made in dH 2 O) and 0.4 mM (3.3 ng/nl) working solutions were used. 1-3 nl of MOs were injected into 1-4 cell stage embryos and allowed to grow at 28.5 8C in embryo medium (Westerfield, 1995) with 50 units penicillin and 5 mg streptomycin/ml.
